We calculate, in a systematic way, the enhancement effect onpp andpA annihilation cross sections at low energy due to the initial state electrostatic interaction between the projectile and the target nucleus. This calculation is aimed at future comparisons between n andp annihilation rates on different targets, for the extraction of pure isospin channels.
Introduction
Recently, several sets of new data about antinucleon annihilation on nucleons and nuclei at very low energy have become available [1, 2, 3, 4, 5, 6, 7] , and further measurements could be performed in the next years [8] . Whenever a comparison between targets or projectiles with different electric charge is required, for better understanding the underlying strong interaction effects (e.g. for isolating pure isospin contributions), it is necessary to be able to subtract Coulomb effects. The aim of this work is to calculate, as precisely and univoquely as possible, Coulomb effects as functions of the target mass and charge numbers A, Z, and of the projectile momentum k in the range 30−400 MeV/c. We define R A,Z (k) = σ charged /σ neutral as the ratio betweenp−nucleus annihilation cross sections calculated including or excluding Coulomb effects, at the projectile momentum k (MeV/c) in the laboratory frame.
In qualitative sense the action of Coulomb effects inpp annihilations is a well understood process [9, 10] . In a semiclassical interpretation, the electrostatic attraction acts as a focusing device, which deflectsp trajectories towards the annihilation region. In quantum sense we may simply say that it increases the relative probability forp to be in the annihilation region. An estimation of this effect is possible by assuming that the actual annihilation center is pointlike and that there is complete independence, or factorization, becomes R A,Z ≈ 2πλ for small velocities. Usually, at small velocities, the cross sections for esoenergetic reactions between neutral particles follow the 1/β law, which means constant frequency of annihilation events. The velocity comes in when the annihilation rate is divided by the incoming flux (perhaps suggesting that the cross section is not the most useful observable at very low energies). In the case of opposite charges for the particles 2 in the initial state, the above approximation suggests a Z/β 2 law, at least at small β.
However there are some limitations:
(1) The experiments which are of interest for us cover a range of momenta (30−400
MeV/c) where velocities are not always small.
(2) Proton and nuclear charges are not pointlike.
(3) Some interplay may exist between the strong central potential and the action of the Coulomb forces that breaks the factorization of the two effects.
(4) Some lower cutoff (in the momentum scale) must exist due to the action of the electron screening.
Concerning the last point, we have attempted some calculation with a modified version of the codes used for the rest of this work. The modifications were such as to take into account the electron screening, with Thomas-Fermi distributions, for heavy nuclei. As far as we trust the modified codes, we don't see relevant screening effects at momenta ≈ 10
MeV/c. Apparently the code outputs are stable and reliable, at least at these kinematics and for large nuclei. Nevertheless the need to have our codes covering with precision very different space scales (atomic and nuclear, with a difference of many orders of magnitude) suggests a certain care. E.g., we don't get reliable results for larger momenta or very light nuclei (small variations of the parameters produce unstable results). So we will postpone a discussion on this point to the time when we have some alternative cross checks of these screening effects. Magnitude considerations anyway suggest that they should not be relevant at 30 MeV/c. In heavy nuclei the Thomas-Fermi approximation [9] suggests a distance r B /Z 1/3 between the nucleus and the bulk of the electronic cloud surrounding it, which is much larger than 1/(30 MeV/c) ≈ 6 fm also for Z = 100.
As we can see later (see e.g. figs. 1 and 2) the limitations (1) (2) and (3) are effective, and our results show large disagreements with the above Z/β 2 law, especially with heavy nuclei.
In our calculations, the electrostatic potential has been produced by a uniform charge distribution with radius 1. The two reasons that are behind the parameters of the SNP are that (i) its radius and diffuseness are consistent with the A−systematic parameters of the nuclear density [11] , and (ii) for A = 1 this potential reproduces very well thepp annihilation data in all of the range 30−400 MeV/c [12] . Many other choices with and without a real part (both attracting and repulsive) or with different shapes can reproduce the samepp data (an example is given below), however a direct generalization of many among these potentials to nuclear targets is not so easy.
Our ideal aim would be to be able to produce a curve R A,Z (k) which is independent on the specific potential used to simulate the strong interactions. For k > 20 MeV/c this is possible with very good precision in light nuclei and within a 10 % uncertainty in heavy ones, as we show later on. Larger uncertainties are confined to the region of very small momenta (k < 20 MeV/c).
The greatest source of interplay between the annihilation potential and the Coulomb interaction is the inversion mechanism at low energies. As widely discussed elsewhere [12, 13] and as seemingly measured [2] , at very low energies it may happen that a modification of the features of the nuclear targets, which apparently should imply more effective annihilation properties, gets the opposite results. E.g.,pp annihilation cross sections are larger thanpD andp Another general remark, which has a certain importance, is that the Coulomb focusing effect acts on the atomic scale and it is relevant at momenta that are smaller than the typical nuclear momenta. The consequence is that, if one usesp(D, p)X reactions to calculate thepn annihilation cross sections, these cross sections are as much Coulomb affected as thepp ones. This happens because the projectile is attracted by the deuteron charge more or less the same way, either it annihilates on the proton or on the neutron. So, while isospin invariance requires complete equality betweenpn andnp annihilation rates, in practics it will not be so, unless one is able to use free neutron targets or antiproton targets. 2 Qualitative trends and dependence on the annihilation parameters
In fig.1 we show the ratio R A,Z , calculated with the SNP, for targets H, 4 He, 20 Ne, and for A = 50, 100, 150, 200 and charge Z = A/2. It can give an idea, for each nuclear charge, of the momentum below which it is not possible to neglect Coulomb effects anymore.
Since R A,Z changes by orders of magnitude at low momenta, a more reasonable quantity to be used to verify the dependence of R A,Z on the annihilation parameters is the ratio F A,Z between R A,Z and its "pointlike" prediction R limits the pointlike approximation to the factor 2πλ things change little). Not accidentally, the "pontlike" approximation is much worse in heavy nuclei. It is not so bad as far as the k−dependence is concerned, whereas it overestimates much the role of the nuclear charge. Indeed, in a wide range of momenta, we can write R A,Z ∝ Z ef f (k)/k, where the effective charge Z ef f (k) has a relatively slow dependence on k and becomes, at increasing A, much smaller than the real electric charge. The fact that with a proton or Helium target the pointlike approximation is good for k > 100 MeV/c is of little relevance: as one can deduce by looking at fig.1 , for light nuclei the charge has no role at these momenta.
A look at a log-log plot of the annihilation cross sections versus k with and without electric charge for heavy nuclei (A = 50, 100, 150 and 200, in fig.3 ) shows that the "neutral" cross section is the one that behaves in the most unpredictable way: it has a very small k-dependence for 30 MeV/c < k < 300 MeV/c, and turns to a k −1 law at some k < 20 MeV/c. In the region of k−independence these cross sections are roughly proportional to A 2/3 , but become less A−dependent at decreasing momenta, in agreement with the described inversion. For k between 100 and 300 MeV/c the "charged" annihilation conforms to a rough k −1 law, and for smaller k to something like k −1.7 or k −1.8 .
"Charged" and "neutral" cross sections are roughly proportional to a similar factor Z γ or, 8 in other words, A γ , with γ close to one. We notice that, if the charge were fully effective, the most obvious predictions, alternative to the optical potential model, would suggest a proportionality comprised between ZA 1/3 and ZA 2/3 for the "charged" cross sections, and between A 1/3 and A 2/3 for the "neutral" ones; the first law corresponds to the S-wave geometrical approximation σ ann ∼ R nucleus /k, assuming imaginary scattering length ≈ R nucleus ; the second law is the Distorted Wave Impulse Approximation, where the nuclear cross section is more or less the sum of the cross sections of those nucleons lying on the nuclear surface. In all models, at k large enough, the charge effect should disappear.
With approximation 10 % (or slightly worse), for nuclei from intermediate to heavy
we have found that it is possible to write σ ann (pA) · β/Z ≈ 10 mb, for 100 MeV/c < k < 300 MeV/c. For 10 MeV/c < k < 100 MeV/c a corresponding law is σ ann (pA) · β α /Z 3/2 ≈ 7 mb, with α = 1.7÷1.8. Of course, in these Z and Z 3/2 dependences, charge and mass effects mix. In the fitting formulas of the next paragraph the roles of A and Z will be clearly separated (for the needs of the application to heavy nuclei with Z < A/2).
Only at very low momentap−A annihilation cross sections follow the expected k −2 law.
We have compared annihilations on nuclei with doubled momentum, i. A last observation is that in fig.1 the ratio R A,Z is almost identical, despite the charge difference, for Hydrogen and 4 He targets. This is due to the compensation between center of mass momentum shift and Coulomb focusing. Not considering the center of mass transformation can lead to large errors in the interpretation of light nucleus data. In general, one would need data to impose stricter constraints on the optical model parameters. In fact, a qualitative synthesis of many attempts with different potentials, in light and heavy nuclei (more details on light nuclei are presented in the next section),
suggests that whenever two different potentials are such as to reproduce similar "charged" cross sections, also the corresponding "neutral" cross sections will be similar. So we can say that a certain value of annihilation cross section is associated with a certain R A,Z , whatever potential has been chosen to reproduce this cross section. 3 Fits of R A,Z .
In this section we synthetize the results of the calculation of R A,Z on a wide spectrum of nuclei. We don't show figures, since these would simply report curves all very similar to the previous ones. We give analytical fits of these curves, which in subintervals of 30−400
MeV/c reproduce them within specified errors.
All the reported fits have the general form
where C α is a constant coefficient, and β cm is the relative velocity in the center of mass frame, calculated via the relativistic relations between center of mass momentum, energy and velocity for a projectile with reduced mass AM p /(A + 1). Actually, there is some small difference between relativistic and nonrelativistic quantities at the larger momenta of the range only, so this precisation is not necessary, and one may take β cm = β lab , since at nonrelativistic level the relative velocity does not depend on the reference frame.
With nuclei with A > 50 the data for R A,Z can be fit within a few percent, in the range of laboratory momenta 50−400 MeV/c, by the relation:
Choosing α = 2.07 one gets a precision of some percent in all of the range 50−400 MeV/c, whereas choosing α = 2.08 the fit becomes particularly precise in the region 100−400
MeV/c (in practics one does not distinguish the original and the fitted curve anymore), precise within 10 % at 70 MeV/c and within 20 % at 50 MeV/c.
The above fit gets worse with nuclei with A < 50. For A = 40 it still gives a 10 % precision in the region 100−400 MeV/c (and a little worse for lower momenta). However a better fit (within 5 %) is:
Following the heavy nuclei rule, the coefficient of Z/β
2.07
cm would be 0.00041, instead of 0.00051. Actually the value 0.00051 is a compromise one. With 0.00052 there is better precision (almost perfect superposition of curves) for k > 100 MeV/c and 10 % overestimation at k = 50 MeV/c. In the region 50−100 MeV alone a very good fit is: In the first case all the range 35−400 MeV/can be fitted within 5 % by The above comparisons between couples of pretty different potentials confirm that for light nuclei the calculation of R A,Z is, at all practical purposes, model independent.
Summary and conclusions
To summarize, in the full range 30−400 MeV/c we are not able to give a simple and general law for the Coulomb corrections, of the kind of the one derived from the approximation of a pointlike annihilation center. We have shown that such an approximation is rather poor in this momentum range. We have given analytical approximations, within reported He) they should be reliably model independent, while for heavier nuclei it is safer to assume a residual 10 % dependence on the details of the specific model used for describing the annihilation process.
